Glutamate transporters (GLT-1, GLAST, EAAC1) limit the actions of excitatory amino acids. Because a disturbed transporter operation can cause or aggravate neurological diseases, transporters are of considerable neuropathological interest. Human samples, however, are seldom obtained fresh. Here, we used mice brains to study how fast glutamate transporters are degraded after death. Immunoblots showed that terminal GLT-1 epitopes (within residues 1-26 and 518-573) had mostly disappeared after 24 hr. GLAST termini (1-25 and 522-543) degraded slightly slower. In contrast, epitopes within central parts of and the EAAC1 C-terminus (510-523) were readily detectable after 72 hr. The decline in immunoreactivity of the GLT-1 and GLAST termini was also seen in tissue sections, but proteolysis did not happen synchronously in all cells. At 24 hr, scattered cells remained strongly immunopositive, while the majority of cells were completely immunonegative. GLAST and GLT-1 co-localized in neocortical tissue, but at 12 hr, many GLAST-positive cells had lost the GLT-1 termini. The uneven disappearance of labeling was not observed with the antibodies to GLT-1 residues 493-508. The immunoreactivity to this epitope correlated better with the reported glutamate uptake activity. Thus, postmortem delay may affect epitopes differently, possibly causing erroneous conclusions about relative expression levels. (J Histochem Cytochem 60:811-821, 2012) 
Glutamate is the major excitatory neurotransmitter in the mammalian brain and is inactivated by cellular uptake catalyzed by glutamate transporter proteins: GLAST (EAAT1; slc1a3), GLT-1 (EAAT2; slc1a2), EAAC1 (EAAT3; slc1a1), EAAT4 (slc1a6), and EAAT5 (slc1a7). GLAST and EAAC1 are, respectively, selectively expressed in astrocytes and neurons (Lehre et al. 1995; Schmitt et al. 1997; Holmseth et al. 2012a) . In contrast, GLT-1 is mostly in astrocytes Levy et al. 1993; Lehre et al. 1995) , and only a few percentage are in axon terminals (Chen et al. 2004; Furness et al. 2008) . Perturbations in glutamate uptake have been described in several neurodegenerative disorders, and it is important to obtain reliable data on the distribution and expression of glutamate transporters in humans (Bergles et al. 1999; Conti and Weinberg 1999; Danbolt 2001; Beart and O'Shea 2007; Jiang and Amara 2011) .
Most, if not all, mature astrocytes in the rat cerebral cortex express both GLT-1 and GLAST and target the proteins to all of their ramifications (e.g., Lehre et al. 1995; Haugeto et al. 1996; Danbolt 2001) . This creates a fine mesh where tissue prisms devoid of transporters are tiny (For virtual microscopy, see Holmseth et al. [2009] : http://www.rbwb. org. Choose "Neurotransporter Atlas" and then "Access Repository and Virtual Microscope.").
Some investigators have reported that GLT-1 and GLAST distributions in humans are similar to those seen in rodents (e.g., Bjørnsen et al. 2007; Melone et al. 2011) , while other investigators have observed less co-localization of GLAST and GLT-1 in humans and depicted large patches of tissue lacking glutamate transporters (e.g., Fray et al. 1998; Banner et al. 2002) . We asked if the different results could be due to the time from death to tissue preservation. This is a legitimate question considering reported glutamate transporter labeling redistribution in human samples (Tessler et al. 1999; Melone et al. 2011) and the demonstration by Western blotting that the C-termini of glial glutamate transporters are proteolyzed quickly after death (Beckstrøm et al. 1999 ). In the case of GLT-1, the C-terminal cleavage site was between an epitope within residues 493-508 and an epitope within residues 518-525 (Beckstrøm et al. 1999) . Subsequent studies identified a caspase-3 cleavage site between residues 505 and 506 (G. Boston-Howes et al. 2006) . The immunoreactivity to the 493-508 epitope correlated better with the transport activity, suggesting that truncated transporters were still active (Beckstrøm et al. 1999) , which is in agreement with a recent report (Leinenweber et al. 2011) .
Here, we compare immunoblotting and immunocytochemistry at several different postmortem intervals using both N-terminal and C-terminal antibodies to both GLT-1 and GLAST as well as antibodies to the C-terminus of EAAC1 and the central parts of GLT-1. We show that the degradation is likely to involve several different enzymes and that the various epitopes are degraded with different rates. Further, the degradation of GLT-1 and GLAST varies greatly between cells. This may explain the different observations on human tissue described above.
Materials and Methods Materials
Chemicals, reagents, and equipment for electrophoresis were the same described previously (Zhou et al. 2012 ). Paraformaldehyde and glutaraldehyde were from TAAB (Reading, UK). The primary antibodies to glutamate transporters used in the present study are summarized in Table 1 . The antigenic peptides representing parts of GLAST, GLT-1, and EAAC1 are referred to by capital letters "A," "B," and "C," respectively, followed by numbers indicating the corresponding amino acid residues in the respective sequences (numbering from the rat sequences). The antibodies' names are thereby informative. Because antibody batches may differ from each other, antibody batches are further identified by the unique identification number ("Ab#"); they are given Antibodies were produced as described before . Briefly, peptides representing parts of the sequences of the rat GLT-1 (EAAT2; slc1a2) (Pines et al. 1992) , rat GLAST (EAAT1; slc1a3) (Storck et al. 1992; Tanaka 1993) , and rat EAAC1 (EAAT3; slc1a1) (Kanai and Hediger 1992; Bjørås et al. 1996) were synthesized as C-terminal amides, free acids, or multiple antigenic peptides (MAPs) as indicated. With the exception of the MAP peptide, the other peptides were coupled to carrier proteins (keyhole limpet hemocyanin) with glutaraldehyde before being used to immunize hosts (HS: Rb = rabbits; Sh = sheep). The antipeptide antibodies were isolated by affinity chromatography using columns with immobilized peptide (coupled to N-hydroxysuccinimide-activated agarose) and tested as described (Holmseth et al. 2006; Holmseth et al. 2012b ). The monoclonal antibody (anti-B518; 9C4 clone) was made by immunizing mice with a purified glutamate transporter (Danbolt et al. 1990 ) and afterwards identifying the exact epitope (Levy et al. 1993) . Ab# = antibody number; M = mouse; T.Prot. = target protein; HS = host species.
by our electronic laboratory information system (software provided by Science Linker AS; Oslo, Norway). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO).
Animals, Immunizations, and Collection of Tissue
All animal experimentation was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publication no. 80-23), revised 1996, and the European Communities Council Directive of November 24, 1986 (86/609/EEC). Formal approval to conduct the experiments described was obtained from the animal subjects review board of our institutions. Mice in the C57Black/6 background deficient in GLT-1 (EAAT2; slc1a2) (Tanaka et al. 1997) or GLAST (EAAT1; slc1a3) (Watase et al. 1998) , hereafter referred to as GLT1-KO and GLAST-KO, respectively, were kept at the animal facility at the Governmental Institute of Public Health (Oslo, Norway). The mice were bred as heterozygotes so that knockout mice and wild-type mice could be found in the same litters. Other animals were kept in the animal facility at the Institute of Basic Medical Sciences. Sheep were immunized with synthetic peptides (Table 1) and bled as described ) but using subcutaneous rather than intracutaneous injections.
Tissue Preparation
Mice (34-71 days old) were killed by cervical dislocation and decapitated. The heads were stored in plastic bags at room temperature from 1-72 hr before the brains were dissected. Control brains were dissected immediately (0 hr). The room temperature was not monitored, but day-night fluctuations were small and probably in the range of 18-25C. The tissue was either homogenized in 32 volumes of 1% sodium dodecyl sulfate with 10 mM sodium phosphate buffer (pH 7.4), 5 mM EDTA, and 1 mM PMSF for immunoblotting (see below) or immersion fixed (6-10 hr, 4C; 4% formaldehyde in 0.1 M sodium phosphate buffer, pH 7.4) for immunocytochemistry. The immersion-fixed tissue was cryoprotected in sucrose (10, 20, and 30% w/v), cut using a Cryotome Microm HM450 (thickness = 40 µm; Thermo Fisher Scientific, Waltham, MA), and developed with antibodies as described below. Sections from wildtype and knockout mice were developed together.
Electrophoresis and Immunoblotting
Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto nitrocellulose membranes as described (Lehre et al. 1995) . The blots were washed in Tris-HCl-buffered saline, incubated in blocking solution consisting of 1% (w/v) bovine serum albumin and 0.05% (v/v) Tween 20 in Tris-HClbuffered saline, and then incubated (overnight, room temperature) with primary antibodies (Table 1) as indicated and developed with alkaline phosphatase-conjugated secondary antibodies as described before ).
Immunocytochemistry
This was performed exactly as described previously (Holmseth et al. 2009 ). We validated the immunolabeling by processing tissues from wild-type, mice and from GLT-1 (Tanaka et al. 1997 ) and GLAST (Watase et al. 1998 ) of knockout mice in parallel (for discussion of the importance of this, see Holmseth et al. [2012b] ). Briefly, for immunoperoxidase labeling, free-floating microtome sections (40 µm thick) were treated with hydrogen peroxide to quench endogenous peroxidase, and with 1 M ethanolamine-HCl (pH 7.4) in sodium phosphate buffer (30 min) to block free aldehyde groups. Sections were then washed in Trisbuffered saline with Tween 20 (TBST), blocked with 10% newborn calf serum (NCS) in TBST (300 mM NaCl, 0.5% Triton X-100, and 100 mM Tris-HCl, pH 7.4) for 1 hr to saturate unspecific protein binding sites, and incubated overnight with primary antibodies diluted in 10% NCS in TBST as above, followed by secondary antibodies. Triton X-100 was included to maximize penetration of the immunoreagents (for discussion, see Danbolt et al. [1998] ). The sections were observed in an Axioskop 2 plus equipped with an AxioCam MRc r1.2 camera (Zeiss; Jena, Germany) and Zeiss camera software. Contrast and brightness were not adjusted after acquisition. When stated ("Montage"), several overlapping images were merged using Adobe Photoshop (version 7; Adobe Systems, San Jose, CA). For immunofluorescent labeling, the sections were rinsed (3 × 5 min) in TBST, treated with 1 M ethanolamine, washed as above, and incubated (1 hr) in TBST containing 10% NCS and 3% bovine serum albumin. This was followed by incubation with primary antibodies and finally with secondary antibodies (Alexa Fluor 488 donkey anti-rabbit IgG and Alex Fluor 555 donkey anti-sheep IgG; Molecular Probes, Eugene, OR) in 1:1000 dilution. The sections were observed in a Zeiss Axioplan 2 microscope equipped with a Zeiss LSM 5 Pascal confocal scanner head with Zeiss LSM software (version 3.2 SP2). Pinhole size was around 1 area unit, optimized for each wavelength to ensure confocality. Excitation wavelengths were 488 and 555 nm, with corresponding emission wavelengths at 520 and 568 nm. Contrast and brightness were not adjusted after acquisition.
Results

Western Blots Reveal Different Rates of Glutamate Transporter Proteolysis
Immunoblots (Fig. 1) showed that both the N-terminus and the C-terminus of mouse GLT-1 were quickly proteolyzed, being mostly absent after 24 hr, while the central parts of the GLT-1 protein were readily detectable (using the anti-B493 antibodies) even after 72 hr. Further, the immunoreactivity of the anti-B518 (9C4) monoclonal antibody to residues 518-525 disappeared as fast as that of the anti-B563 antibodies, suggesting that the cleavage site must be somewhere between the epitope recognized by the anti-B493 and anti-B518 (9C4) antibodies. This is in agreement with our previous data from rats (Beckstrøm et al. 1999) . We add here that the fastest proteolysis appeared to be on the C-terminal side because the band recognized by anti-B563 antibodies disappeared without broadening, while the band recognized by the anti-B12 antibodies (to residues 12-26) broaden before disappearing. Also, the termini of GLAST were prone to proteolysis as the immunoreactivity with both the anti-A1 antibodies (not shown) and the anti-A522 antibodies disappeared, although not quite as fast as that of the anti-B12 and the anti-B563 antibodies. In contrast, the immunoreactivity detected by the anti-C491 antibody to EAAC1 was only slowly degrading, being readily detectable even at 72 hr. Because antibodies to the central parts of GLAST are not available, we have not tested if the central part of GLAST is similarly resistant to proteolysis.
Immunocytochemistry Reveals Nonsynchronous Proteolysis
When a protein is fragmented, this will be apparent on immunoblots. However, membrane proteins may still be held together as long as they are sitting in the membrane. The pos-sibility therefore existed that the termini would be visible in tissue sections even though they were no longer detectable on the Western blots. We probed mouse forebrain sections with glutamate transporter antibodies. The anti-B12 ( Fig. 2A ) and anti-B2 ( Fig. 2B1) antibodies to the N-terminus gave strong labeling with control sections (0 hr) from wild-type mice. Most of this immunoreactivity, however, had disappeared by 24 hr and was completely gone after 48 hr. The same pattern was observed with anti-B563 antibodies to the C-terminus ( Fig.  2A) . In contrast, the two different antibodies to residues 493-508 (anti-B493) gave rise to strong labeling even after 48 hr ( Fig. 2A, B1) . Thus, the overall labeling intensity of sections appeared to parallel the labeling intensity of immunoblots.
However, when the sections were examined at higher magnification (Fig. 3) , it was evident that the loss of labeling observed with the antibodies to the termini (anti-B12 and anti-B563) did not occur evenly in all cells. There was a patchy loss of labeling. At 12 hr (Fig. 3) , some patches had unchanged labeling, some had increased labeling, and some were completely devoid of labeling. The staining pattern looked like a mosaic of tiles with different colors and with diameters at around 50 µm. This corresponds to the reported sizes of astrocyte domains in mice (Oberheim et al. 2009 ). (An astrocyte domain is the volume of tissue defined by the branches extending from one astrocyte. There is limited overlap between neighboring astrocyte domains [Oberheim et al. 2009 ].)
As the labeling with the anti-B493 antibodies was mostly preserved, it followed that some cells contained truncated Figure 1 . Postmortem proteolysis of GLT-1. Mouse forebrains were stored 0-72 hr at room temperature before being solubilized and immunoblotted with glutamate transporter antibodies as indicated. Note that the epitopes recognized by the anti-B12 antibodies to the N-terminus (Ab#360, 0.2 μg/ml) and the anti-B563 (Ab#355, 0.2 μg/ml) and the anti-B518 (Ab#1125, anti-B518, 1:150) antibodies to the C-terminus of GLT-1 had mostly disappeared after 24 hr, while the main part of the GLT-1 protein was still intact as indicated by the reactivity of the anti-B493 antibody (Ab#95, 0.2 μg/ml). Also note that the C-terminal antibodies gave images without band broadening. The weak lower band observed with the N-terminal antibodies likely represents GLT-1 without the C-terminus. Similarly, the labeling obtained with the anti-B493 antibodies comprised the band representing the intact GLT-1 and comprised two lower bands probably representing various combinations of partly proteolyzed variants. Immunoblots were also labeled with anti-C491 antibodies to EAAC1 (Ab#371, 0.7 μg/ml) and anti-A522 antibodies to GLAST (Ab#314, 0.2 μg/ml). Note that GLAST and EAAC1 were not proteolyzed as quickly as GLT-1, and immunoreactivity was still present after 48 hr. Each lane on the blots developed with anti-GLT-1 antibodies contained 10 μg of protein, while each lane on the two other blots contained 30 μg of protein.
GLT-1 (Fig. 3 : compare the images of the neocortex at 12 and 24 hr). This was confirmed by double labeling. At 0 hr, cells were positive for all the GLT-1 antibodies used, but at 24 hr, they were almost exclusively positive for the anti-B493 antibodies (data not shown).
The labeling of sections did not change dramatically over the first 6 hr (Fig. 4) . In contrast, there were major changes during the next 6-hr period. Hippocampus CA1-3 was one of the regions with the earliest changes.
Different Rates of Proteolysis Resulted in Cells Only Containing GLAST
A similar pattern was seen with the anti-A522 antibodies to the C-terminus of GLAST (Fig. 5 ), but the proteolysis was somewhat slower than the C-terminus of GLT-1 ( Figs. 1  and 5A ). The slower degradation of GLAST was confirmed by double labeling using rabbit anti-A522 and sheep anti-B2 (Fig. 6) . At 0 hr, the two proteins co-localized, but at 12 hr, some cells were positive with anti-A522 and negative with anti-B2.
Discussion
The present study addresses the stability of glutamate transporter proteins after death, but the methodological issues described here are potentially also relevant for a large number of other clinically significant proteins.
Postmortem Proteolysis Is Likely to Involve Several Enzymes
We reproduced in mice our previous immunoblot observations from rats (Beckstrøm et al. 1999 ) that the degradation of the termini of GLT-1 is much faster than the degradation of the central parts of the protein. Further, the C-terminal cleavage site is between the epitope recognized by the anti-B493 antibodies and the anti-B518 antibodies. This is in agreement with the fact that there is a caspase-3 cleavage site between residues 505 and 506 (G. Boston-Howes et al. 2006 ). This site, however, is unique for GLT-1 and therefore cannot explain the degradation of GLAST, nor can it N) observed with antibodies to the termini of GLT-1. This is in contrast to the labeling observed with the anti-B493 antibodies. Also note that the labeling in the striatum (S) was more even than that in the neocortex. However, at 24 hr, patchy labeling appeared also in the striatum with the anti-B12 and anti-B563 antibodies. At this time, there was hardly any labeling at all with these antibodies in the neocortex, whereas the labeling with the anti-B493 antibodies was almost unchanged. (B) Higher magnification images from the neocortex at 12 hr postmortem. Scale bars = 100 μm (A) and 50 μm (B).
explain the degradation of the N-termini. Thus, it seems likely that more enzymes are involved. It is also notable that EAAC1 was not affected to the same degree.
Truncated GLT-1 Is Still Active
It is important to note (Leinenweber et al. 2011 ) that GLT-1 is neither inactivated by cleaving at the caspase-3 site (causing removal of the last 68 amino acid residues) nor by Figure 4 . Changes in GLT-1 labeling during the first 12 hr. Mice brains were kept for 0, 6, and 12 hr as indicated and developed with GLT-1 antibodies as indicated (same concentrations as in Fig.  2) . Note that the labeling was fairly stable the first few hours with all antibodies, but at 12 hr, there were unlabeled patches (arrowheads) in the hippocampus (R, stratum radiatum, CA1) and the neocortex (N). Montage. Scale bars = 100 μm. the elimination of the first 26 residues at the N-terminus. These findings are in agreement with the findings that about 80% of the transport activity could be reconstituted in liposomes even after 48 hr (Beckstrøm et al. 1999 ) and that there is functional glutamate uptake in synaptosomes prepared from human autopsy samples for more than 2 days after death (e.g., Schwarcz 1981) .
Consequences of the Different Rates of Proteolysis
As explained above, the observed proteolysis is likely to involve several different enzymes operating at different rates. One implication of this is that the proportions of the various epitopes change as a function of the postmortem interval. In particular, the altered ratio between the C-terminus of GLAST and C-terminus of GLT-1 is particularly evident between 12 and 24 hr postmortem. At this time, there are many cells that are still GLAST positive but negative when probed with antibodies to the termini of GLT-1. The patchy disappearance of GLT-1 termini starts already after a few hours in the hippocampus. In human samples (see Fig. 5E in Mathern et al. [1999] ), this is apparent already in the hippocampus fixed 7 hr after death. Importantly, this patchy labeling is not seen with the other transporters studied at this time point.
Because expression and regulation of enzymes may be altered in disease, it follows that the postmortem degradation may occur at different rates in control brains and in diseased brains. In principle, it is also possible to hypothesize that proteolysis may be initiated in vivo. Differences in proteolytic activity have, in fact, been suggested. For instance, Beckstrøm et al. (1999) found that the relationship between anti-B12 immunoreactivity and anti-B493 immunoreactivity was different in samples from controls and from patients with Alzheimer disease. Thus, the lengths of acceptable postmortem intervals need to be determined in each case.
The Cellular Distributions of GLT-1 and GLAST are Probably Similar in Humans and Rats
A large number of articles describing glutamate transporter distribution in human brain samples have been published. Here, we randomly looked through some of these articles and selected some that contain both good images and good descriptions of key parameters (Milton et al. 1997; Fray et al. 1998; Tessler et al. 1999; Mathern et al. 1999; Proper et al. 2002; Banner et al. 2002; Matute et al. 2005; Bjørnsen et al. 2007; Woltjer et al. 2010; Melone et al. 2011; Desilva et al. 2012) . When viewing the data presented in these articles together, a clear picture emerges. The labeling pattern seen in samples obtained during surgery and fixed immediately resembles those shown here from mouse brains fixed immediately after death. Also, with increasing postmortem delay, the labeling becomes increasingly patchy like that shown here for mice.
The result of this meta-analysis does not rule out species differences in expression levels and in proportions of the different transporter subtypes and splice variants as suggested (Williams et al. 2005) , but it clearly demonstrates, in agreement with Melone et al. (2011) , that the distributions in rats and humans are so similar that well-controlled quantitative measurements are required in order to identify differences.
Transporter-Deficient Patches In Vivo
It should be noted that small GLT-1-deficient patches have sometimes been observed in rodent brain tissue fixed in vivo by perfusion. For instance, patchy expression of Figure 6 . The GLT-1 termini are proteolyzed faster than those of GLAST. Sections of the mouse neocortex were double labeled with rabbit anti-A522 antibodies (Ab#314, 0.06 μg/ml) to GLAST and sheep anti-B2 antibodies (Ab#210, 1 μg/ ml) to GLT-1. GLAST and GLT-1 colocalized at 0 hr (A1-3). At 12 hr (B1-3), however, there was only a partial co-localization. Several cells no longer contained GLT-1. This gave a misleading impression that these cells were only expressing GLAST. Scale bars = 20 μm.
GLT-1 in vivo has been reported to be increased after treatment with the antipsychotic drug clozapine (Melone et al. 2001 ) and after ingestion of cycad flour (Wilson et al. 2003) . Mechanisms that can be expected to lead to true glutamate transporter deficiency within small patches of tissue include internalization of transporters (e.g., Susarla and Robinson 2008) , altered expression (e.g., Figiel et al. 2007 ), or retraction of astrocyte branches (e.g., Reichenbach et al. 2010) . However, the possibility that transporters are truly absent from small volumes of tissue has not been much studied. Here, we show the opposite, namely, failure to detect the protein that is actually present. Postmortem proteolysis (as shown here) and variable splicing (e.g., Utsunomiya-Tate et al. 1997; Münch et al. 2003; Rauen et al. 2004; Holmseth et al. 2009; Scott et al. 2011) can lead to loss of the epitopes recognized by the antibodies. In these cases, the transporters are there but go undetected with the antibodies used. In this respect, most of the reports in the literature describing patchy expression are ambiguous either because only C-terminal antibodies were used, because of long postmortem delays, or because information on key parameters is missing.
Conclusions
The present study demonstrates that the postmortem interval has a major impact on the labeling pattern and that epitopes on the central parts of GLT-1 are more robust markers of in vivo GLT-1 protein levels than those on the termini. Further, the proteolysis described here is probably catalyzed by several different enzymes operating at different rates. Finally, postmortem proteolysis of the termini does not occur synchronously in all cells but at very different rates in different cells. When one astrocyte loses all of its immunoreactivity, then the entire astrocyte domain becomes immunonegative. This explains the patchy labeling pattern observed in tissue that has been stored for several hours before fixation and suggests that the reported differences between rodents and humans with respect to glutamate transporter distribution may, in part, be a postmortem artifact.
However, not all published studies can be adequately interpreted because important information is lacking. In addition to describing postmortem interval, labeling specificity (Lorincz and Nusser 2008; Holmseth et al. 2012b) , and fixation (e.g., Melone et al. 2009; Holmseth et al. 2012b) , it is important to precisely describe the epitope recognized by the antibodies.
The exact rates of proteolysis, and thereby acceptable postmortem intervals, are likely to depend on several factors, including temperature. Further, it should be taken into consideration that the expression levels of the enzymes involved in the postmortem degradation may change in disease. It is therefore possible that there are situations where the rates of degradation differ between control brains and diseased brains. Consequently, postmortem proteolysis rates should be investigated whenever autopsy material is used.
